All data used in this study are publicly available via ENCODE, GEO, and FANTOM. [S1 Table](#pcbi.1008050.s019){ref-type="supplementary-material"} describe all data and sources.

Introduction {#sec001}
============

Predicting the behavior of any nucleic acid sequence in any nuclear environment is a primary objective of gene regulation research. In recent years, machine learning approaches to directly tackle this problem have achieved significant accuracy gains predicting transcription factor (TF) binding, chromatin features, and gene expression from input DNA sequence \[[@pcbi.1008050.ref001]--[@pcbi.1008050.ref007]\]. These models have been applied to study genetic variation in populations and generate mechanistic hypotheses for how noncoding variants associated with human disease exert their influence \[[@pcbi.1008050.ref003]--[@pcbi.1008050.ref008]\]. Estimates for how mutations influence regulatory activity have also offered novel views into regulatory evolution and the robustness of genes to such mutations \[[@pcbi.1008050.ref007]\].

Deep convolutional neural networks have achieved state of the art performance for many regulatory sequence activity prediction tasks in humans and other species \[[@pcbi.1008050.ref002], [@pcbi.1008050.ref004]--[@pcbi.1008050.ref007]\]. The complexity of mammalian gene regulation and these models' impressive but imperfect predictions suggest room for improvement remains. In particular, distal regulation by enhancers is incompletely captured by existing models, which do not attempt to consider sequence beyond ˜20 kb of transcription start sites (TSSs) \[[@pcbi.1008050.ref005], [@pcbi.1008050.ref007], [@pcbi.1008050.ref009]\]. Obtaining more training data is a reliable strategy to improve model accuracy. The research field continues to generate new functional genomics profiles, but these merely deliver additional labels for the existing sequence data; fitting more expressive and accurate models would benefit more from entirely new training sequences. Acquiring functional profiles for more humans will provide limited new training data because individual human genomes differ only slightly from each other. In reporter assays, large quantities of synthetic sequences can be profiled, but they are limited to short sequences and cell lines that cannot represent the full complexity of human tissues \[[@pcbi.1008050.ref010]--[@pcbi.1008050.ref014]\].

Non-human species offer a potential source of this desired additional training data. Regulatory sequence evolves rapidly, but TF binding preferences are highly conserved due to the drastic effect that modifying affinity for many thousands of binding sites would confer on the organism \[[@pcbi.1008050.ref015]--[@pcbi.1008050.ref017]\]. Prior work studying cross-species machine learning of TF binding and chromatin marks indicates potential utility \[[@pcbi.1008050.ref018], [@pcbi.1008050.ref019]\]. Thus, we hypothesized that regulatory grammars across related species have enough in common that jointly training large models on vast data from multiple species will improve regulatory sequence activity models derived by machine learning. To explore this data source, we chose the mouse as a distant mammal with substantial functional genomics data available \[[@pcbi.1008050.ref020]\].

In addition to serving as a source of more genomic sequences, mouse experiments can explore biological states that are difficult or unethical to acquire in humans, e.g. profiling mouse development, disease, and genome modifications. If context-specific regulatory grammars are sufficiently conserved across species, then models trained to predict these mouse data may be able to impute human genome profiles to study human regulatory sequences and genetic variation. Although models trained on mouse will not match the performance of analogous human models, they may serve as useful approximations and produce novel variant annotations when the human data are unavailable.

In this work, we trained a deep multi-task convolutional neural network to jointly learn the complex regulatory grammars that determine TF binding, chromatin marks, and transcription using the ENCODE and FANTOM compendia of thousands of functional genomics profiles from hundreds of human and mouse cell types. We benchmarked single versus joint genome training and found that jointly training on human and mouse data leads to more accurate models for both species, particularly for predicting CAGE RNA abundance. We demonstrated that mouse regulatory grammars can be transferred across species to human where they continue to make accurate tissue-specific predictions. Applying this procedure to predict human genetic variant effects revealed significant correspondence with eQTL statistics and proved insightful for studying human disease.

Results {#sec002}
=======

Multi-genome training improves gene expression prediction accuracy {#sec003}
------------------------------------------------------------------

We applied the Basenji software and framework to predict functional genomics signal tracks from only DNA sequence \[[@pcbi.1008050.ref005]\]. The neural network takes as input a 131,072(= 2^17^) bp sequence, transforms its representation with iterated convolution layers, and makes predictions in 128 bp windows across the sequence for the normalized signal derived from many datasets ([Fig 1](#pcbi.1008050.g001){ref-type="fig"}, [Methods](#sec010){ref-type="sec"}). We applied an architecture that uses residual connections to alleviate the strain of vanishing gradients in deep network optimization and improve generalization accuracy ([S1 Fig](#pcbi.1008050.s001){ref-type="supplementary-material"}) \[[@pcbi.1008050.ref021]\]. Training on multiple genomes required several further developments ([Methods](#sec010){ref-type="sec"}). Most importantly, we modified the train/valid/test split of the genomic sequences to ensure that homologous regions from different genomes did not cross splits ([Methods](#sec010){ref-type="sec"}); without this step, we might overestimate generalization accuracy.

![Predicting regulatory sequence activity for human and mouse genomes.\
We predict the regulatory activity of DNA sequences for multiple genomes in several stages ([Methods](#sec010){ref-type="sec"}). The model takes in 131,072 bp DNA sequences, encoded as a binary matrix of four rows representing the four nucleotides. We transform this representation with seven iterated blocks of convolution and max pooling adjacent positions to summarize the sequence information in 128 bp windows. Green and purple heatmaps represent convolution filter weights; red and white heatmaps represent pooled sequence vectors. To share information across the long sequence, we apply eleven dilated residual blocks, consisting of a dilated convolution with exponentially increasing dilation rate followed by addition back into the input representation. Finally, we apply a linear transform to predict thousands of regulatory activity signal tracks for either human or mouse. All parameters are shared between species except for the final layer.](pcbi.1008050.g001){#pcbi.1008050.g001}

We assembled training data consisting of 6,956 human and mouse quantitative sequencing assay signal tracks from the ENCODE and FANTOM consortiums ([Methods](#sec010){ref-type="sec"}). These data describe regulatory activity across tissues and isolated cell types using several techniques---DNase and ATAC-seq to measure DNA accessibility, which typically mark TF-bound sites, and ChIP-seq to map TF binding sites and histone modification presence \[[@pcbi.1008050.ref022], [@pcbi.1008050.ref023]\]. The FANTOM data consists of RNA abundance profiling with CAGE, where the 5' end of the transcript is sequenced \[[@pcbi.1008050.ref024]\]. These 5' RNA profiles are independent of splicing and allow us to provide input DNA sequence without gene annotations, which would not be the case for RNA-seq \[[@pcbi.1008050.ref005]\]. In addition, we added several mouse datasets describing cell states that are unavailable for humans: (1) a single cell ATAC-seq atlas from 13 tissues clustered to 85 distinct profiles \[[@pcbi.1008050.ref025]\] and (2) several TF and chromatin profiles obtained over 24 hour time courses in the liver to study circadian rhythms ([S1 Table](#pcbi.1008050.s019){ref-type="supplementary-material"}).

To measure the influence of multi-genome training on generalization accuracy, we trained three separate models on these data: one jointly fit to both human and mouse, one to human data alone, and one to mouse data alone. For each scenario, we fit the same model architecture and hyperparameters. We trained the models to minimize log Poisson loss and assessed accuracy by computing Pearson correlation between the predictions and observed signal for each dataset.

The joint training procedure improved test set accuracy for 94% of human CAGE and 98% of mouse CAGE datasets (binomial test p-values 1 × 10^−16^ and 1 × 10^−16^), increasing the average correlation by .013 and .026 for human and mouse respectively ([Fig 2a and 2c](#pcbi.1008050.g002){ref-type="fig"}). For DNase, ATAC, and ChIP, joint training improved predictions by a lesser margin relative to single genome training; average test set correlation increased for 55% of human and 96% of mouse datasets (binomial test p-values 3 × 10^−11^ and 1 × 10^−16^) ([Fig 2b and 2d](#pcbi.1008050.g002){ref-type="fig"}).

![Training on human and mouse data improves generalization accuracy.\
We trained three separate models with the same architecture on human data alone, mouse data alone, and both human and mouse data jointly. For each model, we computed the Pearson correlation of test set predictions and observed experimental data for thousands of datasets from various experiment types. Points in the scatter plots represent individual datasets, with single genome training accuracy on the x-axis and joint training accuracy on the y-axis. For CAGE, training on multiple genomes increases test set accuracy on nearly all datasets for both (a) human and (c) mouse. (b,d) For DNase/ATAC/ChIP-seq, test set accuracy improves by a smaller average margin. See [S3 Fig](#pcbi.1008050.s003){ref-type="supplementary-material"} for additional splits by assay and ChIP immunoprecipitation target.](pcbi.1008050.g002){#pcbi.1008050.g002}

Comprehensive breakdown across the various classes of functional genomics experiments revealed heterogeneous benefits across the ChIP-seq immunoprecipitation targets ([S3 Fig](#pcbi.1008050.s003){ref-type="supplementary-material"}). Predictions for the promoter mark H3K4me3 generally improved, but accuracy for the heterochromatin mark H3K9me3 decreased slightly on average across cell types ([S3 Fig](#pcbi.1008050.s003){ref-type="supplementary-material"}), perhaps due to human and mouse genomes containing different repetitive elements that are silenced by the modification. We made use of annotations assigned to the human DNase collection by Meuleman et al. to split DNase accuracy comparisons by fifteen distinct organ systems \[[@pcbi.1008050.ref026]\]. Although several systems achieved significantly lesser or greater accuracy margins, deviations were small, and no clarifying patterns emerged ([S4 Fig](#pcbi.1008050.s004){ref-type="supplementary-material"}). The datasets where single genome accuracy exceeded joint tended to be consistent across a second independent batch of training runs ([S5 Fig](#pcbi.1008050.s005){ref-type="supplementary-material"}). ChIP-seq experiments in the cancer cell lines K562 and MCF-7 were significantly enriched in this set, suggesting that modeling these datasets may slightly suffer due to absence of an analogue across species or somatic mutation divergence from the reference genome.

Joint genome training delivers both more sequences and more annotations. To clarify which factor is more important for improving accuracy, we conducted additional training experiments in which we only modulated the number of human genome annotations. In this regime of ample data, holding out even half of the human datasets to reduce the number trained on did not reduce predictive performance ([S6 Fig](#pcbi.1008050.s006){ref-type="supplementary-material"}). This implies that the joint model's increased accuracy depends on also having the additional training sequences contributed by the second genome.

CAGE has several properties that may explain the observed benefit of having more training data from multiple genomes. CAGE signal has a larger dynamic range that spans orders of magnitude and more sophisticated transcriptional regulatory mechanisms that often involve distant sequences. Measured by gradient-based saliency analysis, the jointly trained model makes greater use of long range activating elements (\> 10 kb) to predict CAGE signal at TSSs ([S2 Fig](#pcbi.1008050.s002){ref-type="supplementary-material"}). Altogether, these results demonstrate that regulatory grammars are sufficiently similar across the 90 million years of independent evolution separating human and mouse so that their annotated genomic sequences provide informative multi-task training data for building predictive models for both species.

Regulatory sequence activity models transfer across species {#sec004}
-----------------------------------------------------------

Regulatory activity conservation across related species has been observed in genome-wide functional profiles of TF binding and histone modifications \[[@pcbi.1008050.ref015]--[@pcbi.1008050.ref017]\]. In matched tissue samples, similar TFs are typically present and those TFs have highly conserved motif preferences \[[@pcbi.1008050.ref017], [@pcbi.1008050.ref027]\]. These findings suggest that a regulatory sequence activity model trained to predict for one species will also make usefully accurate predictions for matched samples from the other. This was recently demonstrated for enhancer annotations and histone modifications across a variety of mammals \[[@pcbi.1008050.ref018]\]. To quantify this phenomenon for our models and data, we selected several diverse and representative tissues and cell types for which we could unambiguously match across species---cerebellum, liver, and CD4+ T cells. We extracted CAGE gene expression measurements from the TSSs for all human genes outside the training set and computed predictions for human and mouse versions of these tissues and cell types ([Fig 3a](#pcbi.1008050.g003){ref-type="fig"}). For this exercise, and those to follow, we used the jointly trained multi-task model and sliced out predictions of interest, but results were consistent for the model trained only on mouse data ([S7 Fig](#pcbi.1008050.s007){ref-type="supplementary-material"}).

![Regulatory grammars are largely conserved across species.\
(a) Tissue-specific regulatory grammars can be learned and transferred across species, exemplified here by CAGE and DNase data and predictions for cerebellum and liver. The "human predicted" tracks describe predictions for the human datasets displayed as "human observed"; "mouse predicted" tracks describe predictions for the matched mouse dataset. We scaled coverage tracks by their genome-wide means separately within all CAGE and all DNase/ATAC data. (b,d) Mouse predictions for cerebellum CAGE and DNase correlate strongly with human data. For CAGE, points represent the top 50% most variable TSSs. Data or predictions were quantile normalized to align sample distributions, log transformed, and mean-normalized across samples. For DNase, points represent the top 10% most variable genomic sites (less than CAGE because we consider the whole genome rather than TSSs). Data or predictions were similarly quantile normalized to align sample distributions and mean-normalized across samples. The statistical trends were robust to top variable threshold choice. Scatter plot lines represent ordinary least squares regressions. (c,e) These correlations are specific to the matched tissues and not shared by others.](pcbi.1008050.g003){#pcbi.1008050.g003}

Across human gene TSSs, we observed cross-species prediction accuracy of 0.73 Pearson correlation for mouse predictions to human observed signal averaged across these samples. This approaches the 0.75 correlation for human predictions to human observed signal, but does suggest that some genome-specific activity exists ([S8 Fig](#pcbi.1008050.s008){ref-type="supplementary-material"}). To assess whether the model further captures and transfers tissue specificity, we normalized each TSS's data or predictions by its mean across all CAGE datasets. Mean normalization removes correlation driven by accurate prediction of global cross-tissue activity. On this more challenging task, normalized mouse predictions achieved mean 0.40 Pearson correlation with normalized human data for the matched samples ([Fig 3b and 3c](#pcbi.1008050.g003){ref-type="fig"}). In contrast, normalized predictions compared to data from distinct tissues/cell types resulted in negative or near zero correlations ([Fig 3c](#pcbi.1008050.g003){ref-type="fig"}). Thus, the model has learned tissue and cell type specificity beyond a baseline level and is able to transfer that knowledge across species.

We repeated these analyses with DNase accessibility profiles for the same tissues and cell types to assess how general this transferability is for different data. Because most sites lack activity, we selected the top 10% most variable. We observed the same statistical trends for accessibility---high correlation between mouse predictions and human data for matched samples (mean 0.84) and specificity in scaled comparisons ([Fig 3d and 3e](#pcbi.1008050.g003){ref-type="fig"}).

Less correlation for the mouse predictions relative to human predictions is expected because the human predictions are derived from training on the exact experimental sample (but different sequences), which may have its own unique attributes and biases. To gain further insight into this phenomenon, we plotted the human and mouse residuals against local GC% in a 1,000 bp window around the sites ([S9 Fig](#pcbi.1008050.s009){ref-type="supplementary-material"}). Indeed, we observed correlations between GC% and the residuals that were greater for the mouse versus human predictions. Thus, GC% calibration, or more sophisticated forms of domain adaptation, may be an interesting avenue to explore to further improve cross-species transfer \[[@pcbi.1008050.ref028]\].

Mouse-trained models elucidate human genetic variant effects {#sec005}
------------------------------------------------------------

A driving goal of regulatory sequence modeling is to predict the effect of human genetic variants on gene expression and downstream phenotypes. For any biallelic variant, we can predict signal across the surrounding genomic sequence for each allele and derive a summary score for the variant effect ([Fig 4a](#pcbi.1008050.g004){ref-type="fig"}). Here, we sum the signal across the sequence and take the difference between alleles. We can compute this score for every dataset using two forward passes of the convolutional neural network.

![Mouse cell type accessibility predictions show a strong and specific statistical relationship with human eQTLs.\
(a) We predicted the effect of human genetic variants on imputed regulatory signal trained on mouse single cell ATAC-seq (scATAC) cluster profiles. We scored variants by subtracting the signal from the minor allele from that of the major and summing across the sequence. (b) We used signed linkage disequilibrium profile (SLDP) regression to compare the cell type-specific variant effect predictions to tissue-specific eQTL summary statistics from GTEx. Cell type profiles correspond best with the expected tissues. (c) GTEx tissues correspond best with the expected cell types. (d) Clustering scATAC cell types by their Z-scores across GTEx tissues reveals the expected structure.](pcbi.1008050.g004){#pcbi.1008050.g004}

Models trained on mouse data allow one to predict the difference between how two human alleles would behave if they were present in the regulatory environment of mouse cells. Given the evidence that analogous human and mouse cells largely share regulatory grammars, we hypothesized that models trained on mouse data would be insightful towards understanding human regulatory variants' function. To test this hypothesis, we studied the Gene-Tissue Expression (GTEx) release v7a data of genotypes and gene expression profiles for hundreds of humans across dozens of tissues \[[@pcbi.1008050.ref029]\]. In previous work, we showed that variant scores derived from Basenji predictions corresponded significantly with GTEx summary statistics \[[@pcbi.1008050.ref005]\]. Here, we conducted a similar analysis using signed linkage disequilibrium profile (SLDP) regression to measure the statistical concordance between signed variant effect predictions and GTEx summary statistics ([Methods](#sec010){ref-type="sec"}) \[[@pcbi.1008050.ref008]\]. SLDP distributes a signed annotation (i.e. our scores) according to a given population's LD structure and compares to a set of summary statistics. Using a permutation scheme, the method produces a signed Z-score that specifies the direction and magnitude of the relationship and a p-value describing its significance.

We focused on a dataset unique to the mouse---a single cell ATAC-seq atlas from 13 adult mouse tissues that reported 85 distinct cell types after clustering analysis \[[@pcbi.1008050.ref025]\]. Merging aligned reads for each cell type cluster produced pseudo-bulk coverage profiles, which we trained to predict. We sliced predictions for these datasets from the model trained jointly on all human and mouse data. We first asked whether coverage tracks derived from clustering single cell assays are amenable to Basenji modeling. Predictions for held out sequences achieved Pearson correlation ranging from 0.43-0.84 in 128 bp windows for these 85 profiles, which is in line with predictions for bulk DNase/ATAC-seq.

Human variant predictions for these models generally exhibited a strong positive relationship on GTEx summary statistics, in line with prior observations that accessibility correlates with gene expression. Furthermore, cell type predictions aligned well with anatomical expectations. For example, variant predictions for cardiomyocytes have the strongest relationship with GTEx measurements in the heart and skeletal muscle ([Fig 4b](#pcbi.1008050.g004){ref-type="fig"}). From the opposite direction, GTEx measurements for the liver have the strongest relationship with variant predictions for hepatocytes ([Fig 4c](#pcbi.1008050.g004){ref-type="fig"}). These results further support the claim that human and mouse cells share relevant regulatory factors and that our procedure can project these factors across species from mouse experiments to human variants. For each pair of mouse ATAC cell types, we computed the correlation between their SLDP Z-scores across GTEx tissues ([Fig 4d](#pcbi.1008050.g004){ref-type="fig"}). The correlations revealed expected structure, with clusters representing the blood, endothelial cells, neurons, among others.

Next, we asked whether these or any other mouse datasets were informative above and beyond available human datasets. Theoretically, we can add scores for every human dataset to the SLDP background model, forcing the statistical test for mouse dataset scores to consider only the residual variance in GTEx summary statistics ([Methods](#sec010){ref-type="sec"}). We implemented a far more computationally efficient close approximation, in which we added 64 principal components of the variant by score matrix for human datasets, which explained 99.9% of variance for CAGE and 99.3% for DNase/ATAC.

Even considering the human data, many mouse datasets still emerged as delivering orthogonal value by SLDP ([S10 Fig](#pcbi.1008050.s010){ref-type="supplementary-material"}). Among CAGE data, developmental heart profiles from neonate and embryo stages had significant positive relationships with GTEx tibial artery (10 datasets with FDR *q* \< 0.05) and left ventricle (41 datasets with FDR *q* \< 0.05). These suggest that human adult heart gene expression depends on genetic variation that acts more prominently during early development, which is recovered more effectively by current data from mice. Among DNase/ATAC, variant predictions for the single cell hepatocytes and a 24 hour time course to profile circadian rhythms of genome accessibility in the liver \[[@pcbi.1008050.ref030]\] showed a significant positive relationship with the GTEx liver statistics (7 datasets with FDR *q* \< 0.05). GTEx samples were collected at a variety of day times, and previous work demonstrates that they can be ordered to recover circadian cycling genes \[[@pcbi.1008050.ref031]\]. Our result suggests that available human DNase profiles fail to recover this variance, but uniquely obtainable mouse time series do.

We hypothesized that the improved accuracy of the jointly trained models on held out chromosome sequences would carry over to more effective variant analysis. To assess this, we computed SLDP Z-scores to GTEx tissues for all human and mouse CAGE and DNase datasets using models trained jointly or on single genomes. For both species, the jointly trained models achieved greater SLDP Z-scores than their single genome counterparts ([S11 Fig](#pcbi.1008050.s011){ref-type="supplementary-material"}). Thus, multi-genome training leads to greater concordance between variant effect predictions and GTEx summary statistics.

Finally, we compared our variant effect prediction pipeline to an analogous state of the art pipeline called DeepSEA via SLDP Z-scores versus GTEx summary statistics for all tissues \[[@pcbi.1008050.ref006]\]. We computed the difference between the two alleles for the same set of variant using the latest DeepSEA "beluga" model \[[@pcbi.1008050.ref007]\]. We manually matched human DNase datasets between the two models, arriving on 100 unambiguous matched datasets. Z-scores from our cross-species Basenji model predictions were greater than those from the DeepSEA model predictions for 69.7% (permuting Basenji/DeepSEA labels p-value \<1 × 10^−9^) ([S12 Fig](#pcbi.1008050.s012){ref-type="supplementary-material"}). This result suggests that our regulatory variant annotation pipeline represents the current state of the art among this family of approaches for extracting information relevant to gene expression variation in human populations.

Mendelian disease variant classification {#sec006}
----------------------------------------

Having established the relevance and specificity of mouse dataset predictions for expression phenotypes, we asked whether these models could provide insight into the genetic basis of human disease. Mouse data has proven valuable for studying human genetic variants in previous work \[[@pcbi.1008050.ref020], [@pcbi.1008050.ref025]\], but these analyses were limited to studying variants in homologous sequences in their mouse genome context. The substantial regulatory sequence turnover between these genomes makes this limitation severe. Our predictive framework avoids this limitation by projecting the learned mouse regulatory grammar to the human genome setting for all variants via machine learning.

We assembled a set of 660 validated noncoding variants implicated in human disease from the HGMD and ClinVar databases that are \> 20 bp away from mRNA splice sites ([Methods](#sec010){ref-type="sec"}) \[[@pcbi.1008050.ref032], [@pcbi.1008050.ref033]\]. We constructed a set of negative variants that have matching nucleotide composition, with each variant located approximately 1000 bp from a pathogenic variant to control for genomic region ([Methods](#sec010){ref-type="sec"}). We trained random forest classifiers to distinguish variants from these two classes based on features derived from various sets of variant effect predictions in eight fold cross validation. We selected the default hyper-parameters of the scikit-learn 0.22 implementation after finding negligible accuracy gains were available by modifying them \[[@pcbi.1008050.ref034]\]. However, due to the large number of features derived from the training datasets, setting the maximum features considered per decision tree split to *log*~2~ of the total number of features greatly improved the computational efficiency.

We compared ROC curves produced by models trained on variant predictions for only human datasets (trained jointly with mouse), only human datasets (trained alone without mouse), only mouse datasets, and both human and mouse datasets ([Fig 5a](#pcbi.1008050.g005){ref-type="fig"}). To stabilize accuracy statistics, we repeated the cross validations and stochastic model fitting for 200 iterations and compared models with Mann-Whitney U tests. Human predictions from the model trained jointly produced more accurate classifiers than human predictions from the model trained alone, 0.817 to 0.810 AUROC (p-value 2 × 10^−10^). Adding the mouse predictions as features further improved accuracy to 0.821 (p-value 3 × 10^−5^). Thus, these results suggest that both the joint training procedure and addition of mouse dataset prediction features deliver value for classifying pathogenic noncoding variants. We provide a final random forest classifier trained on the entire variant set with the human and mouse features via <https://github.com/calico/basenji> for other groups to apply and make use of.

![Multi-species predictions improve variant pathogenicity classification.\
(a) The line plots display ROC curves derived from classifiers trained to predict 660 validated noncoding pathogenic variants curated from the HGMD and ClinVar databases from a negative set chosen to control for nucleotide composition and genomic region. "Basenji/human1" uses variant features produced by a model trained on human only, while all other versions use a model trained jointly on both human and mouse. Using this jointly trained model, "Basenji/human", "Basenji/mouse", and "Basenji/human+mouse" produce variant features from predictions for human datasets, mouse datasets, and both human and mouse datasets respectively. For each feature set, we trained random forest classifiers in 200 iterations of eight fold cross validation. (b) We performed an analogous exercise using a set of 1524 variants fine-mapped to have high causal probability \> 0.95 for complex traits in the UK BioBank relative to variants with fine-mapped causal probability 0.001 − 0.01. Below, we display three example variants causally implicated to affect LDL cholesterol levels that have large Basenji scores for DNase-seq over a 24 hour time course in mouse liver. (c) rs12740374 creates a CEBPA binding motif in the 3' UTR of CELSR2, and has been experimentally validated to increased liver expression of SORT1 to alter plasma LDL \[[@pcbi.1008050.ref035]\]. (d) rs17248748 creates an HNF4A binding motif in in the first intron 6 kb from the TSS of low-density lipoprotein receptor LDLR. (e) rs45613943 breaks an NFI family binding motif in an intron 13 kb downstream of the TSS of PCKS9. Coding mutations in LDLR and PCKS9 have been extensively studied in Mendelian hypercholesterolemia.](pcbi.1008050.g005){#pcbi.1008050.g005}

Complex traits GWAS variant classification {#sec007}
------------------------------------------

We further hypothesized that these variant effect predictions would deliver insight into noncoding variants highlighted by genome-wide association studies (GWAS) of complex traits and common diseases. We focused our analysis on fine-mapped associations for 47 phenotypes (including 14 common diseases) measured in the UK BioBank \[[@pcbi.1008050.ref036], [@pcbi.1008050.ref037]\]. 1524 variants had posterior probability \> 0.95 of causally affecting one of the phenotypes. We sampled an equal number of negative set variants from marginally associated variants that were determined to have low causal probability 0.001 − 0.01 in the same analysis. As above, we fit random forest classifiers on variant feature sets derived from various sets of models and predictions.

As with Mendelian disease variants, fine-mapped GWAS variants can be classified far beyond random guessing. Similar to above, we repeated 200 eight fold cross validation iterations of stochastic model fitting and compared models with Mann-Whitney U tests. Human predictions from a model trained jointly on human and mouse exceeded the accuracy of human predictions from a model trained alone (0.803 versus 0.800 AUROC, p-value 7 × 10^−4^). Adding mouse predictions further improved AUROC to 0.805 (p-value 2 × 10^−3^).

Although recently fine-mapped, most of these variants remain poorly understood. Given the insight above that mouse circadian liver profiles are informative above and beyond human datasets for GTEx liver summary statistics, we focused on variants associated with the related trait LDL cholesterol levels. To reveal regulatory context around these high causal probability variants, we performed saturation mutagenesis of their surrounding region.

rs12740374 emerged as a clear top hit, creating a CEBPA binding motif in the 3' UTR of CELSR2 ([Fig 5c](#pcbi.1008050.g005){ref-type="fig"}). GTEx liver statistics indicate that individuals with the minor allele T have increased expression of nearby genes CELSR2, SORT1, PSRC1, and ATXN7L2 \[[@pcbi.1008050.ref029]\]. Musunuru et al. validated the differential CEBPA binding and established that increased liver expression of SORT1 alters plasma LDL \[[@pcbi.1008050.ref035]\]. Thus, this variant offers a strong positive control for our analysis pipeline.

We identified several other compelling variants. rs17248748 is located in the first intron 6 kb from the TSS of low-density lipoprotein receptor LDLR. The variant has minor allele frequency 0.5% in the 1000 Genomes reference panel \[[@pcbi.1008050.ref038]\], which is too rare to be thoroughly assessed by GTEx as an eQTL. The minor allele T creates a motif that matches the binding preferences of the TF HNF4A, which is a major regulator of liver development and circadian rhythms \[[@pcbi.1008050.ref039], [@pcbi.1008050.ref040]\]. Coding variants in LDLR are known to cause Mendelian hypercholesterolemia, but noncoding variants have been far less studied \[[@pcbi.1008050.ref041]\]. Another hit, rs45613943, is located in an intron 13 kb downstream of the TSS of PCSK9. The minor allele C has 5% frequency in 1000 Genomes, and GTEx identified its association with decreased PCSK9 expression in whole blood \[[@pcbi.1008050.ref029], [@pcbi.1008050.ref038]\]. The reference allele T forms a motif for the nuclear factor I family, which are general activating TFs implicated in a variety of cellular processes. Coding variants in PCSK9 also cause hypercholesterolemia, and their association with LDL has been thoroughly studied and confirmed by the success of PCSK9 inhibitor therapies to lower cholesterol \[[@pcbi.1008050.ref041]\]. Together, these variants represent intriguing potential routes by which regulatory variation around critical Mendelian genes modulates their expression to more subtly influence related phenotypes.

Mouse-trained models highlight mutations relevant to human neurodevelopmental disease {#sec008}
-------------------------------------------------------------------------------------

Given the thorough developmental profiling in mouse, we hypothesized that these data might also be a useful lens through which to view human developmental disorders. We retrieved a recent dataset of 1902 quartet families from the Simons Simplex Collection with whole genome sequencing of a mother, father, child affected by autism, and unaffected sibling \[[@pcbi.1008050.ref042]\]. In these data, the offspring have an average of 67 de novo mutations, which have a slight enrichment in promoters \[[@pcbi.1008050.ref043]\]. Recent work demonstrated that variant effect predictions further differentiate autism probands from their unaffected sibling controls \[[@pcbi.1008050.ref044]\]. We hypothesized that predictions using models trained on mouse data would also distinguish the disease and perhaps provide additional insight via novel developmental profiles.

We applied the model to predict how each de novo mutation would influence signal in 357 mouse CAGE profiles of tissues and cell types. We filtered for variants within 50 kb of a GENCODE mRNA TSS, where we observed there to be a greater difference between probands and siblings ([S13 Fig](#pcbi.1008050.s013){ref-type="supplementary-material"}), in line with previous analyses \[[@pcbi.1008050.ref043], [@pcbi.1008050.ref044]\]. We also observed there to be more signal present in negative variant effect predictions, which indicate mutations that disturb active regulatory elements, and scaled these scores by 10x before taking their absolute value ([S14 Fig](#pcbi.1008050.s014){ref-type="supplementary-material"}). Mann-Whitney U (MWU) tests revealed significantly greater variant effect predictions in the probands versus sibling variant sets for 333 CAGE profiles at FDR \< 0.05 ([Fig 6a](#pcbi.1008050.g006){ref-type="fig"}, [S2 Table](#pcbi.1008050.s020){ref-type="supplementary-material"}). Variant effect predictions did not depend on the age of either parent ([S15 Fig](#pcbi.1008050.s015){ref-type="supplementary-material"}). The distribution of P-values for 13 datasets profiling whole body from embryonic and neonate developmental stages was less than the distribution of p-values for the other datasets (MWU p-value 7.7 × 10^−4^). These results were robust to the gene distance filter and negative variant effect prediction weight in a large range ([S13](#pcbi.1008050.s013){ref-type="supplementary-material"} and [S14](#pcbi.1008050.s014){ref-type="supplementary-material"} Figs), but statistical significance was markedly reduced without any gene distance filter. These experiments show all parameter combinations tested, but p-value magnitudes should be interpreted cautiously given the challenge of multiple hypothesis correction in an exploratory analysis with hyperparameters. Although many brain datasets were statistically significant by this test, these data did not collectively stand out among the other CAGE profiles.

![Human de novo variant predictions for mouse data enrich for autism probands versus their siblings.\
(a) We predicted the influence of 234k de novo variants split between probands and sibling controls on 357 CAGE datasets in mouse. For each dataset, we computed a Mann-Whitney U (MWU) test between proband and sibling sets and corrected for multiple hypotheses using the Benjamini-Hochberg procedure. Predictions for many datasets were enriched for greater values in the probands, driven largely by early developmental profiles. Each dataset's x-axis position is the mean natural log over proband variants minus the equivalent over control variants. (b) A proband variant at chr1:91021795 modifies a critical T in a YY1 motif to an A in the promoter region of *ZNF644*. (c) At the individual level, a simple score summing variant predictions for a leading developmental dataset describing mouse CAGE whole body at embryonic stage E16 significantly separates probands from their matched sibling controls (binomial test p-value 2 × 10^−5^).](pcbi.1008050.g006){#pcbi.1008050.g006}

We examined the regions around variants predicted to have high impact. For example, a proband variant upstream of *ZNF644* modifies a critical nucleotide in a consensus motif for the transcription factor YY1, which the model identifies as active and relevant ([Fig 6b](#pcbi.1008050.g006){ref-type="fig"}). *ZNF644* has considerable evidence for intolerance to loss of function mutations in the Genome Aggregation Database v2.1.1 (gnomAD) with probability 0.999 of intolerance \[[@pcbi.1008050.ref045]\]. YY1 has been implicated in processes that determine the three-dimensional positioning of promoters and enhancers \[[@pcbi.1008050.ref046]\]. Thus, we hypothesize that the variant modifies the enhancer regulation of this critical protein.

We observed similar results in Zhou et al.'s independent processing of these raw sequencing data, which resulted in nearly two fold fewer de novo variant calls due to different filters ([S16 Fig](#pcbi.1008050.s016){ref-type="supplementary-material"}) \[[@pcbi.1008050.ref044]\]. For these variants, 269 CAGE datasets were significant at FDR 0.05, whole body embryonic and neonate developmental stages had lesser p-values (MWU p-value 4.5 × 10^−3^), and brain datasets did not collectively emerge. For additional perspective, we also analyzed DNase and activating histone modifications H3K4me3, H3K4me1, and H3K27ac. For these data, variant effect predictions tended to be larger for proband variants, but the minimum q-value after Benjamini-Hochberg correction of all datasets together was 0.14 ([S16 Fig](#pcbi.1008050.s016){ref-type="supplementary-material"}). However, both the set of 259 early development profiles and the set of 144 brain profiles achieved lesser p-values than the rest (MWU p-value 7.7 × 10^−4^ and 1.4 × 10^−12^ respectively). The reduced signal in these data is likely attributable to CAGE's more direct measurement of gene product. The Basenji model has no knowledge of coding sequence or ability to make predictions about coding influence. Nevertheless, we verified that variants overlapping coding sequence evaluated for their influence on gene regulation minimally affect the observations above ([S17 Fig](#pcbi.1008050.s017){ref-type="supplementary-material"}). Finally, we also examined human predictions for context, and observed many significant CAGE datasets after FDR correction at 0.05, but no trends for tissue or developmental-specific sets ([S18 Fig](#pcbi.1008050.s018){ref-type="supplementary-material"}). Thus, as supported by the conditional SLDP regression to GTEx, the mouse developmental profiles appear to deliver novel information to this analysis.

These significant enrichments indicate that regulatory variant effect predictions may help classify disease at the individual level. For each individual, we computed a simple risk score by summing predictions for a leading developmental dataset mouse CAGE whole body embryonic stage E16. This score suggests more deleterious de novo variants for 54.7% of the probands versus their sibling controls (binomial test p-value 2 × 10^−5^) ([Fig 6c](#pcbi.1008050.g006){ref-type="fig"}). Thus, this approach is a strong candidate for inclusion with complementary feature sources from coding mutations and structural variation to continue to characterize this incompletely understood disorder.

Discussion {#sec009}
==========

In this work, we developed a multiple species training procedure to enable a deep convolutional neural network to train multi-task on 6956 functional genomics signal tracks annotating the human and mouse genomes. We observed that training jointly on both species produced models that make more accurate predictions on unseen test sequences relative to models trained on a single species. Regulatory sequence activity predictions for human sequences in mouse tissues correlate well with datasets describing the corresponding human tissues. Model predictions for altered regulatory activity of human genetic variants made with respect to mouse datasets have a strong statistical concordance with tissue-specific human eQTL measurements. Mouse machine learning models can be used to study human disease, exemplified by the beneficial addition of prediction features to disease variant classifiers.

We focused here on human and mouse because both species have been comprehensively studied with genome-wide functional genomics. Our observation that joint training on these two genomes improves prediction accuracy opens the possibility of more complex schemes for training on larger numbers of genomes. Given the substantial evolutionary distance between human and mouse, regulatory annotations for all mammalian genomes are likely to provide similarly useful training data. Primate genomes will be particularly interesting to explore; their tissues and cell types will more closely match those of human, but their highly similar sequences deliver less novelty. Prediction accuracy improved more for CAGE gene expression measurements than accessibility or ChIP-seq, which suggests that multiple genome training will be worthwhile for data with high regulatory complexity and distal interactions. Efforts to predict spatial contacts between chromosomes as mapped by Hi-C and its relatives fit this criteria, and we hypothesize that training sequence-based models on human and mouse data together will be fruitful \[[@pcbi.1008050.ref047]\].

Much prior work has revealed the similarity of regulatory grammars across species, but transferring knowledge gleaned from an accessible model organism (such as mouse) to another of interest (such as human) has remained challenging. Many existing approaches rely on whole genome alignments to transfer annotations from one genome to the other \[[@pcbi.1008050.ref025], [@pcbi.1008050.ref048]\]. These approaches are constrained by the quality of the alignment, which is a notoriously challenging bioinformatics problem \[[@pcbi.1008050.ref049]\], and the limited proportion of each genome that aligns (40% for human and 45% for mouse). Here, we demonstrated an alternative approach, in which a machine learning model trained on the model organism data compresses the relevant knowledge into its parameters. The model can then be applied to predict activity for sequences from a different genome of interest. The strong tissue-specific statistical relationship between human genetic variant predictions from model parameters trained to predict mouse annotations and GTEx tissue-specific eQTLs highlights the successful nucleotide resolution of our cross-species transfer of learned regulatory grammars. The Gene Expression Omnibus (GEO) contains tens of thousands of mouse functional genomics profiles, many describing experiments impossible in humans. For example, we included dozens of datasets describing mouse liver profiles over 24 hour time courses to study the circadian rhythms of gene expression and chromatin. Models trained to predict the data studied here, as well as open source software to compute these predictions and train new models on users' own data, are available in the Basenji software package \[[@pcbi.1008050.ref050]\].

Materials and methods {#sec010}
=====================

Functional genomics data {#sec011}
------------------------

In this work, we studied quantitative sequencing assays performed on human and mouse samples. Specifically, we focused on DNase and ATAC-seq profiling DNA accessibility, ChIP-seq profiling TF binding or histone modifications, and CAGE profiling RNA abundance derived from 5' transcription start sites. Preprocessing these data effectively is critical to successful machine learning. Our primary preprocessing objective is to denoise the raw data to the relevant signal at fine resolution.

We largely followed the preprocessing pipeline described in prior research introducing the Basenji framework \[[@pcbi.1008050.ref005]\]. The standard pipeline through which experimental data flowed follows:

1.  Trim raw sequencing reads using fastp, which can automatically detect and remove unwanted adapter nucleotides \[[@pcbi.1008050.ref051]\].

2.  Align reads using BWA to hg38 or mm10 and requesting 16 multi-mapping read positions \[[@pcbi.1008050.ref052]\].

3.  Estimate nucleotide-resolution signal using an open source script (*bam_cov.py*) from the Basenji software that distributes multi-mapping reads using expectation maximization, normalizes for GC bias, and smooths across positions using a Gaussian filter \[[@pcbi.1008050.ref005]\].

However, we diverted from this standard pipeline for all data available from the ENCODE consortium website, which is 4,506 human and 1,019 mouse experiments. These data have been thoughtfully processed using open source pipelines and are available for download at several stages, including log fold change signal tracks in BigWig format \[[@pcbi.1008050.ref053]\]. Rather than reprocess these data without full knowledge of how replicate and control experiments match, we chose to use these signal tracks directly. The Seattle Organismal Molecular Atlas (SOMA) server provides a single cell mouse ATAC-seq atlas \[[@pcbi.1008050.ref025]\]. These data are also available in log fold change BigWig format, and we similarly chose to use these rather than reprocess the single cell data. We clipped negative values in all such BigWig tracks to zero.

We applied several transformations to these tracks to protect the training procedure from large incorrect values. First, we collected blacklist regions from ENCODE and added all RepeatMasker satellite repeats \[[@pcbi.1008050.ref054]\], which we found to frequently collect large false positive signal \[[@pcbi.1008050.ref055]\]. We further defined unmappable regions of \>32 bp where 24-mers align to \>10 genomic sites using Umap mappability tracks \[[@pcbi.1008050.ref056]\]. We set signal values overlapping these regions to the 25^*th*^ percentile value of each dataset. Finally, we soft clipped high values with the function *f*(*x*) = *min*(*x*, *t*~*c*~ + *sqrt*(*max*(0, *x* − *t*~*c*~))). Above the threshold *t*~*c*~ (chosen separately for each experiment and source), this function includes only the square root of the residual *x* − *t*~*c*~ rather than the full difference. We manually chose *t*~*c*~ per experiment and source by inspecting the maximum values, aiming to reduce the contribution of rare very large values that one would not expect to generalize to other genomic locations. Via this procedure, we decided to clip all CAGE data with *t*~*c*~ = 384, ENCODE with *t*~*c*~ = 32, and GEO with *t*~*c*~ = 64.

When replicate experiments profiling the same or related samples were available, we averaged the signal tracks. Altogether, the training data includes 638 CAGE, 684 DNase/ATAC, and 3991 ChIP datasets in human and 357 CAGE, 228 DNase/ATAC, and 1058 ChIP datasets in mouse. [S1 Table](#pcbi.1008050.s019){ref-type="supplementary-material"} describes all data with preprocessing parameters. Code to preprocess typical functional genomics data formats into TensorFlow input formats is available from <https://github.com/calico/basenji>.

Model architecture {#sec012}
------------------

We modeled genomic regulatory sequence activity signal as a function of solely DNA sequence using a convolutional neural network. Such deep learning architectures have excelled for many similar tasks \[[@pcbi.1008050.ref002], [@pcbi.1008050.ref004]--[@pcbi.1008050.ref006]\]. We follow our prior work in analyzing large 131 kbp sequences in order to consider long range interactions.

The first stage of the architecture aims to extract the relevant sequence motifs from the DNA sequence using the following block of operations:

1.  Convolution width 5 (or 15 in first layer)

2.  Batch normalization

3.  Gaussian Error Linear Unit (GELU) activation

4.  Max pool width 2

We applied this block seven times so that each sequence position represents 128 bp, increasing the number of filters from an initial 288 by 1.1776x each block to 768 filters by the end. The GELU activation slightly outperformed the more common ReLU in our benchmarks \[[@pcbi.1008050.ref057]\].

The second stage of the architecture aims to spread information across the sequence to model long range interactions. In prior work, we applied densely connected dilated convolutions for this task \[[@pcbi.1008050.ref005]\]. Here, we applied a related but more effective variation, which is related to a strategy applied for DNA sequence analysis in the SpliceAI system \[[@pcbi.1008050.ref058]\]. Recent deep learning research has revealed that skip connections between layers where one layer's representation is directly added to a subsequent layer's representation relieve vanishing gradients and improve gradient descent training \[[@pcbi.1008050.ref021]\]. Thus, we applied the following series of operations:

1.  GELU activation

2.  Dilated convolution width 3, dilation rate *d*, 384 filters

3.  Batch normalization

4.  GELU activation

5.  Convolution width 1, back to 768 filters

6.  Batch normalization

7.  Dropout probability 0.3

8.  Addition with the block input representation before step 1.

We applied this block eleven times, increasing the dilation rate *d* by 1.5x each time. Relative to the densely connected version, the dilated residual blocks lead to improved generalization accuracy ([S1 Fig](#pcbi.1008050.s001){ref-type="supplementary-material"}).

In the final stage, we first transformed this 1024x768 (length x filters) representation of 128 bp windows with an additional width 1 convolution block using 1536 filters and dropout probability 0.05. To make predictions for either 5313 human or 1643 mouse datasets, we applied a final width one convolution followed by a softplus activation (*f*(*x*) = *log*(1 + *e*^*x*^)) to make all predictions positive. We attached a genome indicator bit to each sequence to determine which final layer to apply.

We trained to minimize a Poisson log likelihood in the center 896 windows, ignoring the far sides where context beyond the sequence is missing. The Poisson model is not technically appropriate for the log fold change tracks. However, by clipping negative values to zero, the distribution of values resembles that from our standard processing. Clipping to zero focuses attention on signal magnitude in regions where relevant signal is present and away from less relevant signal fluctuations in background regions. On a subset of data, we observed that using the log fold change track did not decrease accuracy or the utility of the model for genetic variant analysis.

We implemented the network in TensorFlow and used automatic differentiation to compute gradients via back propagation \[[@pcbi.1008050.ref059]\]. We minimized with stochastic gradient descent (SGD) on batches of 4 sequences. We stopped training when the loss on a validation set had not improved for 30 epochs and returned to the model weights that had achieved the minimum validation loss. We performed several grid searches to choose model and optimization hyper parameters for the following sets: (1) SGD learning rate and momentum; (2) initial convolution filters and convolution filter scaling rate; (3) dilated convolution filters and dropout rate; (4) final convolution filters and dropout rate.

Data augmentation describes a suite of techniques to expand the implicit size of the training dataset from the perspective of model training by applying transformations that preserve annotations to data examples. We tiled the 131,072 bp sequences across the chromosomes by 65,599 bp, representing a 50% overlap minus 63 bp in order to also shift the 128 window boundaries and max pooling boundaries. During training, we cycled over combinations of two transformations that maintain the relationship between sequence and regulatory signal while changing the model input: (1) reverse complementing the sequence and reversing the signal; (2) shifting the sequence 1-3 bp left or right. Both transformations improved test accuracy and reduce overfitting in our benchmarks.

Model implementations and instructions for re-training, predicting, and modifying them are available from <https://github.com/calico/basenji>.

Multi-genome training {#sec013}
---------------------

Training on multiple genomes containing orthologous sequence complicates construction of holdout sets. Independently splitting each genome's sequences would allow training on a human promoter and testing on its mouse orthologue. If the model memorized conserved elements of the sequence, rather than learning a general function, we might overestimate generalization accuracy.

We used the following procedure to minimize occurrence of this potential issue:

1.  Divide each genome into 1 mb regions.

2.  Construct a bipartite graph where vertexes represent these regions. Place edges between two regions if they have \>100 kb of aligning sequence in a whole genome alignment.

3.  Find connected components in the bipartite graph.

4.  Partition the connected components into training, validation, and test sets.

We used the hg38-mm10 syntenic net format alignment downloaded from the UCSC Genome Browser site \[[@pcbi.1008050.ref060]\]. Using this procedure, we set aside approximately 12% of each genome into validation and test sets respectively. Stricter parameter settings created a single large connected component that did not allow for setting aside enough validation and test sequences. We estimated that \< 1% of the validation and training set nucleotides have orthologous sequence from the other genome in the training set.

Another complication of training on multiple genomes arises from imbalance between each genome's sequences and datasets. We extracted 38.2k human and 33.5k mouse sequences for analysis. We assembled batches of sequences from one genome or the other, chosen randomly proportional to the number of sequences from each genome. The overall loss function comprises a term for every target dataset summed, which leads to larger step magnitudes for batches of human sequences that are annotated with \>3 times more datasets. Explicit weighting could be applied to preference training towards a particular species, but we found this to be unnecessary in our experiments for good mouse performance.

Jointly training on both human and mouse data constrains the model slightly more than is ideal. We found that training on only one genome or the other after the full joint procedure improved validation set accuracy. We evaluated the model on the validation set after every epoch and stopped training after 10 epochs without improvement, returning to the previous model that achieved the minimum validation loss. The model studied here was fine-tuned for 8 epochs on the human data and 20 epochs on the mouse data.

GTEx SLDP {#sec014}
---------

We predicted the effect of a genetic variant on various annotations by computing a forward pass through the convolutional network using the reference and alternative alleles, subtracting their difference, and summing across the sequence to obtain a single signed score for each annotation. We averaged scores computed using the forward and reverse complement sequence and small sequence shifts to the left and right. We computed scores for all 1000 Genomes SNPs, which we provide for download via instructions at <https://github.com/calico/basenji/tree/master/manuscripts/cross2020>.

Signed linkage disequilibrium profile (SLDP) regression is a technique for measuring the statistical concordance between a signed variant annotation *v* and a genome-wide association study's marginal correlations $\hat{\alpha}$ between variants and a phenotype \[[@pcbi.1008050.ref008]\]. The functional correlation between *v* and the true variant effects on the phenotype describes how relevant the annotation is for the phenotype's heritability. Our model produces these signed variant annotations. SLDP estimates this functional correlation using a generalized least-squares regression, accounting for the population LD structure. It performs a statistical test for significance by randomly flipping the the signs of entries in *v* in large consecutive blocks to obtain a null distribution. We follow previous work in conditioning on background annotations describing minor allele frequency and binary variables for variant overlap with coding sequence (and 500 bp extension), 5' UTR (and 500 bp extension), 3' UTR (and 500 bp extension), and introns.

We downloaded GTEx v7a summary statistics for 48 tissues \[[@pcbi.1008050.ref029]\]. We summarized each SNP's effect on all cis-genes using the following transformation suggested for SLDP analysis $$\begin{array}{r}
{\hat{\alpha_{m}} = \frac{1}{\sqrt{|G_{m}|}}\sum\limits_{k \in G_{m}}{\hat{\alpha}}_{m}^{(k)}} \\
\end{array}$$ where *G*~*m*~ is the set of all genes for which a cis-eQTL test was performed for variant *m* and ${\hat{\alpha}}_{m}^{(k)}$ is the marginal correlation of SNP *m* and gene *k* expression \[[@pcbi.1008050.ref008]\]. We passed $\hat{\alpha_{m}}$ to SLDP for analysis of variant predictions.

To assess the orthogonal value of prediction scores derived from mouse datasets relative to those from human, we added the human dataset predictions to the background annotation set. Conditioning on thousands of annotations was computationally intractable. Instead, we included 64 principal components of the human variant scores matrix, which explained \> 99% of the variance in all cases studied. To assess statistical significance, we performed the Benjamini-Hochberg procedure to correct for multiple hypotheses within each GTEx tissue.

ClinVar and Human Gene Mutation Database {#sec015}
----------------------------------------

We acquired a set of 15,751 pathogenic noncoding variants curated by di Iulio et al. from ClinVar and the Human Gene Mutation Database (HGMD) \[[@pcbi.1008050.ref032], [@pcbi.1008050.ref033], [@pcbi.1008050.ref061]\]. These variants were enriched near splice sites, and many presumably influence splicing. As we do not position our method to predict splicing effects, we removed all variants within 20 bp of GENCODE v28 mRNA splice sites. We further noticed that the remaining variants often clustered together in the genome. To establish a set of variants that function independently, we grouped variants within 10 bp into sets and sampled one representative variant from each set. After applying these filters, 660 validated noncoding variants remained.

We sought a negative set of variants for training machine learning classifiers that roughly controlled for genomic region and nucleotide composition. Using the following procedure, we selected a negative example corresponding to each pathogenic variant. First, we considered positions shifted up and downstream in the genome by 1000 bp. From these anchor positions, we located the nearest reference nucleotide that matched the reference nucleotide of the pathogenic variant. We chose the shifted position that was closer to 1000 bp from the pathogenic variant position and broke ties randomly. Finally, we chose the alternative allele to match the pathogenic variant. Thus, each negative variant matches the nucleotides of a pathogenic variant, while being shifted as close to 1000 bp as possible.

Simons Simplex Collection {#sec016}
-------------------------

We downloaded 255,106 de novo variants derived from whole-genome sequencing of 1,902 quartet families with an autistic child from the Simons Simplex Collection from the supplement of \[[@pcbi.1008050.ref043]\]. For validation, we further downloaded 127,140 de novo variants derived from 1,790 families from the same collection processed by Zhou et al \[[@pcbi.1008050.ref044]\]. We filtered all variants for SNPs (i.e. removed insertions and deletions) and computed predictions as described above. We focused our analysis on variants within 50 kb of TSS defined by GENCODE v28. All variant scores are available from <https://console.cloud.google.com/storage/browser/basenji_barnyard/sad/autism/>.

Supporting information {#sec017}
======================

###### Dilated residual layers improve accuracy.

We trained two separate models with approximately matched parameter totals on both human and mouse data jointly. The two models differ in how their dilated convolution layers are connected. In the first model *Dense*, which achieved the previous best for these data in \[[@pcbi.1008050.ref005]\], each layer takes all previous dilated layers as input, as opposed to taking only the preceding layer. In the second model *Residual*, introduced here, each layer takes only the previous layer as input, transforms it, and adds the new representation into the input before passing on. For each model, we computed the Pearson correlation of test set predictions and observed experimental data for thousands of datasets from various experiment types. (a) Training and validation loss curves for two replicates of the two architectures with random initializations and shuffled training examples. The top curves represent the training set and the bottom curves represent the validation set. Validation losses are less than training losses due only to stochasticity in the sequence splitting procedure. (b) Human and (c) mouse test set Pearson correlation for the best *Dense* versus *Residual* model.

(TIF)

###### 

Click here for additional data file.

###### Multi-genome model assigns greater saliency scores to distal TSS regions.

For 3,523 gene transcription start sites (TSS) that were not included in the training set, we computed saliency maps for the surrounding region using the model trained jointly on human and mouse (joint) and the model trained on human alone (single). The saliency map scores annotate 128 bp segments with a function of the model predictions' gradient with respect to that segment's vector representation after the convolutional layers and before the dilated convolutions share information across wider distances \[[@pcbi.1008050.ref005]\]. Peaks in this saliency score detect distal regulatory elements, and its sign indicates enhancing (+) versus repressing (−) influence. (a) For each 128-bp segment, we computed the mean score across genes for liver CAGE. Patterns were consistent across CAGE datasets. (b) For segments greater than 10 kb from the TSS, the mean multi-genome model scores are greater than their single genome counterparts. This suggests that distal enhancer elements are more effectively used to predict gene expression.

(TIF)

###### 

Click here for additional data file.

###### Multi-genome training accuracy across experiment types.

We trained the same architecture on human data alone and both human and mouse data jointly. For each model, we computed the Pearson correlation of test set predictions and observed experimental data for human CAGE, DNase, and ChIP-seq datasets. Points in the scatter plots represent individual datasets, with single genome training accuracy on the x-axis and joint training accuracy on the y-axis. We considered these accuracy comparisons, broken down by experiment class for the 24 most frequent experiments. Within the various categories, the improvement differed slightly. For example, H3K4me3 increased by 0.006, but H3K9me3 decreased by 0.007. Enhancer marks H3K4me1 (-0.004), H3K27ac (0), and P300 (-0.001) were stable or unimproved.

(TIF)

###### 

Click here for additional data file.

###### Multi-genome training accuracy across DNase organ systems.

We trained the same architecture on human data alone and both human and mouse data jointly. For each model, we computed the Pearson correlation of test set predictions and observed experimental data for human DNase datasets. Points in the scatter plots represent individual datasets, with single genome training accuracy on the x-axis and joint training accuracy on the y-axis. We considered these accuracy comparisons in the context of fifteen organ system annotations assigned by Meuleman et al. \[[@pcbi.1008050.ref026]\]. Pearson R improves by an average of 0.006 across all of these DNase datasets. Within the various categories the improvement differed slightly. "Musculoskeletal" datasets improved by 0.008, which was significantly greater than the remainder by Mann-Whitney U test with p-value 2*e* − 7. In contrast, "Connective" datasets improved by 0.004, which was significantly less than the remainder with p-value 1*e* − 10. We were unable to discern a pattern that provided insight into why some categories improve more or less than others with joint training.

(TIF)

###### 

Click here for additional data file.

###### Multi-genome training harms generalization accuracy for some human ChIP-seq datasets.

To further explore human ChIP-seq datasets that performed worse during multi-genome training relative to single genome training, we trained two independent replicates for both training modes. For the single genome training, we took the average of the two replicates. (a) For the multiple genome training, we plot the ChIP-seq test set PearsonR for replicate 1 minus the single genome PearsonR versus that for replicate 2. Dataset accuracy was consistent across replicates, and some ChIP-seq datasets consistently achieved lower accuracy after multi-genome training. (b) The table displays the 20 datasets with the largest decrease in test set accuracy after multi-genome training. Datasets describing (a) ATF4/CREB binding (known co-factors), (b) K562 cells, and (c) MCF-7 cells performed significantly worse according to Mann-Whitney U comparisons of the sets of 16, 476, and 129 datasets respectively. Histograms consider the average of test set PearsonR for multi-genome training minus the average for single genome training.

(TIF)

###### 

Click here for additional data file.

###### Additional human datasets do not improve generalization accuracy.

We designed several experiments to explore whether more datasets alone improve the models, rather than the datasets and novel sequence offered by the mouse genome. We split all human datasets into eight, four, three, or two folds. For each fold, we held out those datasets and trained a model only on the remainder. We trained four replicate models from random initializations on the full data for comparison. For the three fold experiment, we repeated the procedure with a unique random split twice. For the two fold experiment, we repeated the procedure with a unique random split three times. For each dataset, we averaged test set accuracy for the training runs that did train on it, each of which had a different portion of the datasets held out. Above, we scatter plot average test set accuracy for each of the 5,313 datasets for the full data versus the held out data runs for each experiment. If it were true that adding more annotations benefited model training and accuracy, then these models would suffer from the held out targets and show reduced accuracy relative to the full model. Instead, for each experiment with hold outs up to half of the datasets, these models achieved slightly greater mean accuracy than the full data model.

(TIF)

###### 

Click here for additional data file.

###### Cross-species prediction results are consistent across models.

Tissue-specific regulatory programs can be learned and transferred across species, exemplified here by mouse predictions for CAGE (top row) and DNase (bottom row) for cerebellum, liver, and CD4+ T cells. Mouse predictions correspond to mouse datasets matched and compared to human datasets For CAGE, we considered the top 50% most variable TSSs, where data or predictions were quantile normalized to align sample distributions, log transformed, and mean-normalized across samples. For DNase, we considered the top 10% most variable genomic sites (less than CAGE because we consider the whole genome rather than TSSs), where data or predictions were similarly were quantile normalized to align sample distributions and mean-normalized across samples. The statistical trends were robust to most variable threshold choice. Tissue-specific cross-species accuracy depends only slightly whether the mouse model was trained jointly with human data (left column) or alone (right column). This is expected, given that the multi-genome model is more accurate on held out sequences ([Fig 2](#pcbi.1008050.g002){ref-type="fig"}).

(TIF)

###### 

Click here for additional data file.

###### Cross-species prediction accuracy approaches that of human.

Tissue-specific regulatory programs can be learned and transferred across species, exemplified here by mouse predictions for CAGE (a,b) and DNase (c,d) for cerebellum, liver, and CD4+ T cells. "Human predicted" corresponds to predictions for the human datasets, referred to as "human observed"; "mouse predicted" corresponds to predictions for the matched mouse dataset. For CAGE, we considered the top 50% most variable TSSs, where data or predictions were quantile normalized to align sample distributions, and log transformed. In the right column, we mean-normalized across samples; in the left, we did not. For DNase, we considered the top 10% most variable genomic sites (less than CAGE because we consider the whole genome rather than TSSs), where data or predictions were similarly quantile normalized to align sample distributions and mean-normalized across samples in the right column only. The statistical trends were robust to most variable threshold choice. (a,c) Human prediction accuracies exceed (b,d) mouse prediction accuracies for both CAGE and DNase.

(TIF)

###### 

Click here for additional data file.

###### Residuals for human and mouse predictions differ with respect to local GC content.

For the DNase sites studied across species, we computed residuals as the mean-normalized observed signal minus predicted signal. We computed GC% in a 1,000 bp region around the 128 bp segment. Correlations between GC content and the residuals were larger for mouse than human, indicating that mouse predictions may be slightly mis-calibrated for the human genome.

(TIF)

###### 

Click here for additional data file.

###### Variant effect predictions for mouse datasets significantly correlate with GTEx via SLDP, even conditional on human dataset predictions.

We computed variant effect predictions for all 1000 Genomes variants with respect to human and mouse datasets. We then analyzed the CAGE and DNase/ATAC data separately. We computed the first 64 principal components (PCs) of the variants by human predictions matrix, which explained 99.9% of the variance for CAGE datasets and 99.3% for DNase/ATAC. We then computed the statistical correlation between mouse predictions and GTEx summary statistics across 48 tissues using SLDP conditioned on the 64 human PCs for either the CAGE or DNase/ATAC data ([Methods](#sec010){ref-type="sec"}). (a) For the tibial artery and (c) left ventricle GTEx summary statistics, mouse CAGE datasets describing the developing heart in neonate and embryo stages emerged as significant after Benjamini--Hochberg correction for multiple hypotheses. Prefix asterisks indicate FDR *q* \< 0.05. Additional datasets describing adult heart components and muscle also reach significance. (b) For liver GTEx, mouse single cell hepatocyte and DNase datasets describing a 24 hour time course to profile circadian rhythms of genome accessibility reach significance.

(TIF)

###### 

Click here for additional data file.

###### Variant effect predictions from jointly trained models correlate better with GTEx via SLDP.

We computed variant effect predictions for all 1000 Genomes variants with respect to human and mouse datasets using models trained jointly on both human and mouse or trained alone on a single genome. We then computed the statistical correlation between these predictions and GTEx summary statistics across 48 tissues using SLDP ([Methods](#sec010){ref-type="sec"}). The points underlying the density maps represent every pair of model prediction dataset and GTEx tissue. SLDP signed Z-scores indicate the expected positive statistical relationship between predictions for CAGE, DNase, and ATAC-seq and gene expression. These Z-scores are clearly greater for predictions from jointly trained models for (a) human CAGE, (c) mouse CAGE, and (d) mouse DNAase/ATAC. (b) Human DNase/ATAC Z-scores are more similar between the joint and single trained models, in line with their comparable accuracy on held out sequences ([Fig 2](#pcbi.1008050.g002){ref-type="fig"}).

(TIF)

###### 

Click here for additional data file.

###### Variant effect predictions from cross-species Basenji pipeline correlate better with GTEx via SLDP than DeepSEA pipeline.

We computed variant effect predictions for all 1000 Genomes variants using the DeepSEA "beluga" model. We then computed the statistical correlation between these predictions and GTEx summary statistics across 48 tissues using SLDP ([Methods](#sec010){ref-type="sec"}). We manually aligned all human DNase datasets between the DeepSEA and Basenji models, arriving at 100 matched datasets. Here, we scatter plot Basenji versus DeepSEA Z-scores for each combination of DNAse dataset and GTEx tissue. Basenji Z-scores are greater for 69.7% of combinations (permuting Basenji/DeepSEA labels p-value \<1 × 10^−9^).

(TIF)

###### 

Click here for additional data file.

###### Autism de novo variant predictions for mouse CAGE datasets across variant TSS distance filters.

We predicted the influence of de novo variants found in proband and sibling genomes for mouse CAGE datasets. We studied two versions of the processed whole genome sequences by An et al. (left column) and Zhou et al. (right column) \[[@pcbi.1008050.ref043], [@pcbi.1008050.ref044]\]. In each plot, points represent CAGE datasets, from which a predicted activity difference can be assigned to each variant. We scaled negative variant scores by 10 before taking the absolute value. In each row, we filtered for variants within the specified distance of a GENOCODE mRNA TSS. On the x-axis, we plot the mean natural log score for all proband variants subtracted by the mean natural log score for all sibling variants. On the y-axis, we plot the *log*~10~ p-value from comparing proband to sibling scores using a Mann-Whitney U test. Variants nearby TSS contain more signal than those that are very far from genes, which may nonetheless have nonzero CAGE predictions due to enhancer RNA activity. At the most strict distance threshold of 30kb, the x-axis difference between probands and siblings continues to grow, but the y-axis significance is decreased by the smaller number of remaining variants. The Zhou et al. datasets are robust to the filter distance, but the An et al. datasets only reach FDR q-values \< 0.1 with TSS filters \< 500 kb (which keeps 90% of variants) and decrease as the filter distance tightens around TSS.

(TIF)

###### 

Click here for additional data file.

###### Autism de novo variant predictions for mouse CAGE datasets across negative prediction weights.

We predicted the influence of de novo variants found in proband and sibling genomes for mouse CAGE datasets. We studied two versions of the processed whole genome sequences by An et al. (left column) and Zhou et al. (right column) \[[@pcbi.1008050.ref043], [@pcbi.1008050.ref044]\]. In each plot, points represent CAGE datasets, from which a predicted activity difference can be assigned to each variant. We focused on variants within 50 kb of a GENCODE mRNA TSS. In each row, we scaled negative variant scores by the specified factor, before taking the absolute value. On the x-axis, we plot the mean natural log score for all proband variants subtracted by the mean natural log score for all sibling variants. On the y-axis, we plot the *log*~10~ p-value from comparing proband to sibling scores using a Mann-Whitney U test. The first row displays the statistical tests computed for only negative values, which represents the limit as the negative prediction weight grows to infinity. Negative predictions are more informative than positive, so an even weighting of the two produces less significant differentiation between the probands and their sibling controls. However, the results are very robust to the choice of the scaling factor.

(TIF)

###### 

Click here for additional data file.

###### Autism de novo variant predictions do not depend on parent age.

We predicted the influence of de novo variants found in proband and sibling whole genomes sequences processed by An et al. for mouse datasets \[[@pcbi.1008050.ref043]\]. Variant predictions are derived from a representative dataset of "whole body, embryo E16" profiled by CAGE that has significantly greater effect score for probands relative to their sibling controls. We transformed the raw variant predictions similarly to the main analyses by scaling negative variant scores by 10 before taking the absolute value and further adding a pseudocount of one and taking the natural logarithm to improve the stability of the scores for the visualization. Regression analysis indicates no dependency of the scores on the mother or father's age at birth. This result matches that of Zhou et al. in their analysis of a separate processing of these data. \[[@pcbi.1008050.ref044]\].

(TIF)

###### 

Click here for additional data file.

###### Autism de novo variant predictions for mouse datasets.

We predicted the influence of de novo variants found in proband and sibling genomes for mouse datasets. We studied two versions of the processed whole genome sequences by An et al. (left column) and Zhou et al. (right column) \[[@pcbi.1008050.ref043], [@pcbi.1008050.ref044]\]. We separated CAGE gene expression (top row) from active chromatin modifications DNase/ATAC/H3K4me3/H3K4me1/H3K27ac (bottom row). In each plot, points represent datasets, from which a predicted activity difference can be assigned to each variant. We focused on variants within 50 kb of a GENCODE mRNA TSS and scaled negative variant scores by 10 before taking the absolute value. On the x-axis, we plot the mean natural log score for all proband variants subtracted by the mean natural log score for all sibling variants. On the y-axis, we plot the *log*~10~ p-value from comparing proband to sibling scores using a Mann-Whitney U test. Many CAGE datasets show Benjamini-Hochberg q-values \< 0.05; chromatin datasets demonstrate a similar trend toward greater scores for proband variants, but do not reach the same significance levels.

(TIF)

###### 

Click here for additional data file.

###### Autism de novo variant predictions for mouse datasets, without coding overlap.

We predicted the influence of de novo variants found in proband and sibling genomes for mouse datasets. We studied two versions of the processed whole genome sequences by An et al. (left column) and Zhou et al. (right column) \[[@pcbi.1008050.ref043], [@pcbi.1008050.ref044]\]. We removed any variant overlapping GENCODE coding sequence, 1.7% and 3.3% respectively. We separated CAGE gene expression (top row) from active chromatin modifications DNase/ATAC/H3K4me3/H3K4me1/H3K27ac (bottom row). In each plot, points represent datasets, from which a predicted activity difference can be assigned to each variant. We focused on variants within 50 kb of a GENCODE mRNA TSS and scaled negative variant scores by 10 before taking the absolute value. On the x-axis, we plot the mean natural log score for all proband variants subtracted by the mean natural log score for all sibling variants. On the y-axis, we plot the *log*~10~ p-value from comparing proband to sibling scores using a Mann-Whitney U test. Many CAGE datasets show Benjamini-Hochberg q-values \< 0.05; chromatin datasets demonstrate a similar trend toward greater scores for proband variants, but do not reach the same significance levels.

(TIF)

###### 

Click here for additional data file.

###### Autism de novo variant predictions for human datasets.

We predicted the influence of de novo variants found in proband and sibling genomes for human datasets. We studied two versions of the processed whole genome sequences by An et al. (left column) and Zhou et al. (right column) \[[@pcbi.1008050.ref043], [@pcbi.1008050.ref044]\]. We separated CAGE gene expression (top row) from active chromatin modifications DNase/ATAC/H3K4me3/H3K4me1/H3K27ac (bottom row). In each plot, points represent datasets, from which a predicted activity difference can be assigned to each variant. We focused on variants within 50 kb of a GENCODE mRNA TSS and scaled negative variant scores by 10 before taking the absolute value. On the x-axis, we plot the mean natural log score for all proband variants subtracted by the mean natural log score for all sibling variants. On the y-axis, we plot the *log*~10~ p-value from comparing proband to sibling scores using a Mann-Whitney U test. Many CAGE datasets show Benjamini-Hochberg q-values \< 0.05; chromatin datasets demonstrate a similar trend toward greater scores for proband variants, but do not reach the same significance levels.

(TIF)

###### 

Click here for additional data file.

###### Training dataset descriptions.

(XLSX)

###### 

Click here for additional data file.

###### Autism de novo variant enrichment statistics.

(XLSX)

###### 

Click here for additional data file.
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10 Nov 2019

Dear Dr. Kelley,

Thank you very much for submitting your manuscript \'Cross-species regulatory sequence activity prediction\' for review by PLOS Computational Biology. Your manuscript has been fully evaluated by the PLOS Computational Biology editorial team and in this case also by independent peer reviewers. The reviewers appreciated the attention to an interesting problem, but raised a few major concerns about the manuscript as it currently stands. In particular, multiple reviewers pointed out that the comparisons with previously developed methods and prior results in the literature are not adequate. The novelty of the machine learning framework needs to be clarified in the context of other existing approaches. In addition, more comprehensive evaluation and analyses regarding the cross-species comparison should be added to clearly demonstrate the advances and benefit. While your manuscript cannot be accepted in its present form, we are willing to consider a revised version in which the issues raised by the reviewers have been adequately addressed. We cannot, of course, promise publication at that time.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

Your revisions should address the specific points made by each reviewer with detailed point-by-point responses. Please return the revised version within the next 60 days. If you anticipate any delay in its return, we ask that you let us know the expected resubmission date by email at <ploscompbiol@plos.org>. Revised manuscripts received beyond 60 days may require evaluation and peer review similar to that applied to newly submitted manuscripts.

In addition, when you are ready to resubmit, please be prepared to provide the following:

\(1\) A detailed list of your responses to the review comments and the changes you have made in the manuscript. We require a file of this nature before your manuscript is passed back to the editors.

\(2\) A copy of your manuscript with the changes highlighted (encouraged). We encourage authors, if possible to show clearly where changes have been made to their manuscript e.g. by highlighting text.

\(3\) A striking still image to accompany your article (optional). If the image is judged to be suitable by the editors, it may be featured on our website and might be chosen as the issue image for that month. These square, high-quality images should be accompanied by a short caption. Please note as well that there should be no copyright restrictions on the use of the image, so that it can be published under the Open-Access license and be subject only to appropriate attribution.

Before you resubmit your manuscript, please consult our Submission Checklist to ensure your manuscript is formatted correctly for PLOS Computational Biology: <http://www.ploscompbiol.org/static/checklist.action>. Some key points to remember are:

\- Figures uploaded separately as TIFF or EPS files (if you wish, your figures may remain in your main manuscript file in addition).

\- Supporting Information uploaded as separate files, titled Dataset, Figure, Table, Text, Protocol, Audio, or Video.

\- Funding information in the \'Financial Disclosure\' box in the online system.

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com> PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

To enhance the reproducibility of your results, we recommend that you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see [here](http://journals.plos.org/ploscompbiol/s/submission-guidelines#loc-materials-and-methods). 

We are sorry that we cannot be more positive about your manuscript at this stage, but if you have any concerns or questions, please do not hesitate to contact us.

Sincerely,

Jian Ma

Associate Editor

PLOS Computational Biology

William Noble

Deputy Editor

PLOS Computational Biology

A link appears below if there are any accompanying review attachments. If you believe any reviews to be missing, please contact <ploscompbiol@plos.org> immediately:

\[LINK\]

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

**Reviewer \#1:**In the manuscript "Cross-species regulatory activity sequence prediction" by David Kelley the author presents modifications and applications of his previously developed deep convolutional neural network based framework, basenji, to predicting regulatory sequence activity when jointly considering human and mouse data. The manuscript evaluates the extent to which predictions within a species can be improved by doing multi-task training across species. The manuscript also evaluates how well models trained to predict mouse activity perform when applied to predict activity in human sequence. Models trained using mouse data are then applied to predict the effect of genetic variants and are then related eQTLs in GTEx and de novo variants from autism whole genome sequencing (WGS) data.

Figure 5a appears to be reporting a major result though I am surprised the text is not highlighting the significance of what is being reported. In Fig. 5a the author is reporting case control differences with multiple of their mouse CAGE predictive models at a p-value better than 10\^-6 with at least one model getting a p-value better than 10\^-7. In contrast, in two recent high profile papers considering the same autism WGS data, in somewhat analogous analyses (Supplementary Fig. 4 from Zhou et al Nature Genetics, 2019 and Fig 1e from An et al, Science 2018) did not get p-values better than 10\^-4 despite conducting an order of magnitude more statistical tests. Zhou et al Nature Genetics, 2019 also used a deep learning sequence based prediction strategy. There are a number of differences in how these analyses were conducted so it is hard from what is presented to know what is driving this large improvement in p-values. (I am assuming here the y-axis in Fig 5a is in base 10 scale though that was not explicitly noted)

Given that this has the potential to be a major result, I think the author should present more analyses and information allowing a reader to better understand the result, its relationship to previously reported results in the literature, and be convinced of the biological significance of the result as opposed to being driven by something technical. I have a number of comments/suggestions in this regard:

i\) Can the author explain why the p-values appear to be substantially more significant for the mouse CAGE data in Fig. 5a than for the human CAGE data in Sup. Fig. 8 even though the application of the model is within human? Maybe looking at the correlation of predictions for corresponding brain predictions between human and mouse and/or whether anything can be said about the specific variants better predicted using data from one species or the other would help with this.

ii\) Is the author currently including protein coding variants in the p-value calculations? If so what happens to the p-values if protein coding variants are excluded from the analysis? Protein-coding variants are known to already have a strong detectable association with ASD so it would be less interesting if the signal is coming from protein coding variants.

iii\) An et al, Science 2018 corrected for parental age in computing p-values. If the author corrected for parental age what would happen to their reported p-values?

iv\) Zhou et al, Nature Genetics 2019 used a different set of de novo mutational calls from An et al, Science 2018 and used here, with a notable difference of excluding variant calls overlapping repeat elements. If the author applies their predictions on the same set of de novo mutation calls from Zhou et al what p-values result?

v\) Are these strong p-values unique to CAGE data or can they also be seen in chromatin data?

vi\) To what extent can the author's predictions recall case de novo mutations at high precision? This type of evaluation could be more relevant than a p-value across the full distribution since the expectation with de novo mutations is that their contribution is through a smaller number of larger effect variants

vii\) The methods states "We filtered these variants for SNPs". Can the author provide more details of what SNP list was used for filtering, how many variants were filtered, and whether this is causing difference with previous analyses?

viii\) The author should provide as a supplementary data or a file on a website that provides their scores for each de novo mutation based on each CAGE dataset

Another major comment I have about this manuscript is that I think the author should evaluate the extent to which improvements for human predictions when training with mouse is occurring because of the diversity of sequence space the mouse provides as motivated in the introduction, or if a similar or better improvement would be seen by using an equivalent number of additional datasets from human. The author only used ENCODE and FANTOM5 data in human so is far from exhausting the available data sets on regulatory activity collected directly in human as there are large datasets from other consortium (e.g. Roadmap Epigenomics, Blueprint) and databases that provide uniform reprocessing of major data repositories (e.g. ChIP-atlas and ReMap). The framework the author is proposing might actually make more sense when the primary interest is in a mammal with far less functional genomics data available than mouse or human.

Additional comments

\*There are similarities between what the author is doing here and Chen et al, PloS Comp 2018. The authors cite that manuscript in the results section, but I think the author should acknowledge this prior work and clarify the contribution of this manuscript to prior work up front in the introduction.

\* On page 10, the authors say their procedure can suggest high level annotations for 6/9 of the unknown single cell clusters. Is this leading to different/better suggestions than using nearby gene expression of cluster peaks?

\* The methods could be more detailed/precise in places. For example, how was the threshold t_c chosen? Another example, it is stated "We found that training several epochs on only one genome or the other after the full joint procedure improved validation and test set accuracy." How many epochs did the author actually use for this final step and how was it determined?

\* It is stated "Stricter parameter settings created a single large connected component that did not allow for setting aside enough validation and test sequences". This does not directly address whether the current settings are adequate to avoid the memorization issue

\* page 12 line 239, "negative predictions" used before explaining "negative predictions" at the bottom of the page

\*there are ? in sup. Fig 1 and 2 legends

**Reviewer \#2:** The author proposed a deep convolutional neural network based model for cross-species regulatory sequence activity prediction. The author trained the model with both human and mouse genomic data and showed that the jointly trained model achieves better performance as compared to the individually trained model. Next, the experiments were designed to show that the model trained in mouse could help reveal human genetic variant effects. Specifically, the author demonstrates that by training a model with a mouse species-specific data, scATAC-seq, it would help better characterize the effects of variants in human as compared to the model trained on other existing data in the human. This may suggest the potential of this work for generalizing patterns learned from one species to another. However, there are a few major problems with this work.

Major comments:

1\. In terms of methodology, it lacks novelty. The strategy is simply concatenating two datasets from different organisms and making sure that homologous sequences appear in the train/test set together. This is hardly a new computational development effort. The author also said that a novel transfer learning approach was developed, but it seems that this is just training the model on mouse dataset and predicting on the human dataset, which is not exactly transfer learning. There are no methods such as domain adaption developed for the specific problem. This is more like a cross-species validation/assessment rather than a transfer learning approach.

2\. In the first section of the results, the author compared the performance of a jointly trained model versus the model trained with the independent dataset. However, there are existing methods for cross-species/cross-cell type functional genomic signal prediction. For example, Chen et al. PLOS Computational Biology 2018 (PMID: 30286077) and also Lan et al. Int J Mol Sci. 2019 (PMID: 31336830). Although the setting is not exactly the same because one is binary classification while this one is regression, it is rather straightforward to adapt those methods to the setting in this work. The comparison with existing methods is lacking.

3\. For the third subsection in Result. The author showed the importance of the orthogonal information brought in by the mouse scATAC signal by including the principal components of human signals in the background model. The results showed that the mouse signals can be important, but the level of importance is still not clear. It would be interesting to design the experiment when the human signal and mouse scATAC signal are jointly tested. This would help to quantitatively analyze the importance of this orthogonal information by comparing the Z-score from the human signal and mouse signal. If in this test the mouse signal consistently shows up at the top, then it can demonstrate the usefulness of this method to generalize signals from another organism to the human better. I think that this needs to be addressed.

Minor points:

Figure 1,3,4 are barely readable. The font size is really small and thin.

**Reviewer \#3:** In this manuscript, the author demonstrates the superior performance of a deep convolutional neural network trained on both human and mouse gene regulatory sequences compared to models trained on data from a single species. Furthermore, the predictions from both the joint model and the mouse model were able to predict the effect of human variants, suggesting the generalization of the approach. In general, the manuscript is well written and easy to follow. The author performed an extensive analysis across a variety of genomic data and demonstrated the possible use of other species data in improving the understanding of human genetic variants. The results presented in the manuscript have many merits and also raise a few questions as follows.

Major comments:

The authors demonstrate that CAGE eRNA profile prediction improves more than prediction of other functional genomics features from ENCODE/Roadmap. Are there substantial differences between functional genomics profiles or cell types of origin in terms of the improvement provided by the method introduced here?

Line 102--108. To me "regulatory programs" implies the particular combinatorial patterns of many regulatory elements that drive specific patterns of gene expression. Thus, in my view, it is not necessarily true that the regulatory programs themselves are conserved, but rather that the components of these programs are conserved. To extend the "program" analogy further: human and mouse may have different regulatory programs, but these programs are written in the same language.

In the last Results section "Mouse-trained models highlight mutations relevant to human neurodevelopmental disease":

\- The predictive power of summing the negative predictions in the neonate cerebellum dataset at predicting cases from controls (Figure 5C) seems quite poor. Is it possible to benchmark this performance with the deep learning model used in Zhou et al. Nature Genetics 2019 (PMID: 31133750)?

\- In the cross-specifies prediction, such as Figure S5d, the mouse model's prediction is worse than human predictions. Have you analyzed the sequences that the mouse model failed to predict? Could it be partially driven by the very different GC content landscape in the mouse genome compared to the human genome?

\- The result section emphasizes that the mouse-trained model can be applied to understand human disease. While this point is true, given the abundance of human data and potentially better performance of human model (Figure S8) in this autism cohort, it would be useful to also demonstrate that incorporation of mouse data with the human data helps. More specifically, demonstrate that the human predictions from the human-mouse joint model is better than the human predictions from the human only model.

\- As a final general comment, the impact of the manuscript would be stronger if (especially in the applied sections of the Results) the authors could compare to other state-of-the-art machine-learning-based methods for regulatory variant interpretation.

Minor comments:

The Introduction (Lines 25 -- 32) does not fully cover the previous literature on the prediction of genomic data using multiple species. in paragraph. The author did mention some previous work in the Results section (Line 114). It would be better to cover this background more fully in the Introduction and to cite other relevant work, such as Cohn et al. 2018 (<https://www.biorxiv.org/content/10.1101/264200v2>).

Line 20. The author mentioned that "Individual human genomes differ only slightly from each other, so acquiring functional profiles for more humans is unlikely to provide this boost."

I don't necessarily agree with the point. Although small percentage of the genome differs between individuals, the total amount genetic variants is large and gives rise to the diversity of human phenotypic traits and diseases. I would acknowledge that multiple different ways of obtain more training data may be helpful.

Line 191 -- 210. In Figure S6, is the mouse single cell ATAC-seq dataset used in the SLDP? I didn\'t see any of the mouse scATAC data sets among the significant ones.

Figure 3c,e: It would be helpful to use a simpler color map with white at 0 and a gradient to a single color to represent positive values and to a different single color for negative values. See: <https://www.oreilly.com/library/view/fundamentals-of-data/9781492031079/ch04.html>

Line 297--299. This claim is not accurate. This manuscript is not the first to propose that machine learning models can be used to extract relevant features independent of alignability to apply across species. In other words, previous approaches for applying machine learning methods to infer regulatory activity and functional genomics feature profiles across species do not all rely on alignability of the underlying sequences.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Computational Biology* [data availability policy](http://journals.plos.org/ploscompbiol/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: No: Author should provide prediction values for autism mutations part of Fig 5a analysis

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/ploscompbiol/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No
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Author response to Decision Letter 0

3 Mar 2020

###### 

Submitted filename: reviewer_response.pdf

###### 

Click here for additional data file.
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25 Mar 2020

Dear Dr. Kelley,

Thank you very much for submitting your manuscript \"Cross-species regulatory sequence activity prediction\" for consideration at PLOS Computational Biology.

As with all papers reviewed by the journal, your manuscript was reviewed by members of the editorial board and by several independent reviewers. In light of the reviews (below this email), we would like to invite the resubmission of a significantly-revised version that takes into account the reviewers\' comments. In particular, one of the reviewers felt that the revised version did not adequately address some major concerns raised in the previous round of review. We therefore request that you further revise the manuscript to respond to the reviewer\'s request. We cannot make any decision about publication until we have seen the revised manuscript and your response to the reviewers\' comments. Your revised manuscript is also likely to be sent to reviewers for further evaluation.

When you are ready to resubmit, please upload the following:

\[1\] A letter containing a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript. Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

\[2\] Two versions of the revised manuscript: one with either highlights or tracked changes denoting where the text has been changed; the other a clean version (uploaded as the manuscript file).

Important additional instructions are given below your reviewer comments.

Please prepare and submit your revised manuscript within 60 days. If you anticipate any delay, please let us know the expected resubmission date by replying to this email. Please note that revised manuscripts received after the 60-day due date may require evaluation and peer review similar to newly submitted manuscripts.

Thank you again for your submission. We hope that our editorial process has been constructive so far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Jian Ma

Deputy Editor

PLOS Computational Biology

William Noble

Deputy Editor

PLOS Computational Biology

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: In the revised manuscript of "Cross-species regulatory sequence activity prediction" I felt my previous comments were partly addressed. I still have some comments on the manuscript.

1\. I previously raised the point about whether the increased predictive power was due to unique information in mouse sequence data, or whether comparable predictive performance increase could be obtained from incorporating additional human data. I pointed out that there are many additional sources of human data not being used. In response, the author showed there was basically no impact on predictive performances when downsampling the current set of human data to 7/8 the size.

I did not find this analysis fully satisfying for two reasons. One reason is that holding 1/8 of the human data sets out amounts to 664 human data sets, while there was 1,643 mouse data sets used, thus the comparison of value of additional human vs. mouse data is confounded by the number of data sets. The other reason is that the analysis is effectively assuming the current human data being considered is representative of all available human data, which is likely not the case. I expect that when one gets data from an additional source, even if it is from the same species, it will contain more new information compared to data obtained in the same way as the data being currently considered.

2\. The procedure for the autism analysis was changed to remove variants not within 50kb of a TSS, and to weigh negative predictions 10 times more than positive predictions. I did not suggest either of those specific changes. While the p-values improved (when everything is compared in log10 space), it is now more difficult to interpret the p-values. The reason is that I assume there was some type of multiple testing going on in selecting these parameters, but that procedure was not described and any additional tests were not reflected in a multiple testing correction, but should be. Also, I think it would be informative to report as was done in the original submission how well the scores does directly without going through this filtering and reweighting. The reported predictive performance at the individual level for the top variant feature might also be inflated by multiple testing issues.

3\. Related to the previous point, in the original submission there was emphasis on brain being the important cell/tissue type, but now the emphasis is on earlier development stages and the brain does not standout. It is concerning the biological conclusions are that sensitive to these specific parameter choices. Further raising concern, the text mentions 'whole body embryo E16' being the leading dataset, but according to Supplementary Table 2, 'whole body embryo E16' is third most significant and 'urinary bladder, adult' is actually the most significant.

4\. The author asked for clarification on the point about parental age. An et al described in their paper their procedure for controlling for parental age and provide parental age annotations with it. Zhou et al did not correct for parental age, but did show that parental age was not correlated with their score. While the author's score might not be correlated with age, that was not shown. Zhou et al not seeing a correlation with parental age for their score, does not imply that the authors' scores is not correlated with parental age, though does make that possibility more likely.

5\. On the point about annotating unknown clusters from Cusanovich et al. I don't think its been shown that the author's procedure is actually leading to better annotations opposed to being willing to annotate a cluster when there is still more uncertainty. For example for cluster 5.6, a number of different brain regions rank highly in Fig. 4b of the author\'s manuscript, but from the tissue type annotations of the cluster in Fig 2d of Cusanovich et al, it was already clear this cluster was related to the brain.

6\. I felt the added comparison with EIGEN and FunSeq2 is confounding two different questions. One question is whether the features produced by Basenji add value to variant prediction over features considered by other variant prioritization methods. The other question is whether there is an advantage to integrating a set of features in task-specific ways that is optimized for the evaluation of the task. Only the Basenji features were integrated in task-specific ways, but it is possible integrating the features of EIGEN or FunSeq2 in a way that is optimized for the evaluation would have led to even better performance than what is being reported for Basenji features.

Reviewer \#2: The author addressed my major concerns on the performance evaluation by including an extra section of the comparison with DeepSEA, another state-of-the-art machine learning-based model for regulatory variant interpretation, which demonstrates the advantage of this approach. The author elaborated on the differences of this work\'s object with the goal of the existing work and released the noncoding variant prediction results which clarify the contribution of this work. The author did improve the quality of the figures to a certain extend. However, I still think the font size of Figure 1,3,4 is too small. The authors and the editors should work together to ensure the quality of the figure.

Reviewer \#3: N/A

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Computational Biology* [data availability policy](http://journals.plos.org/ploscompbiol/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/ploscompbiol/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, [[https://pacev2.apexcovantage.com](https://pacev2.apexcovantage.com/)]{.ul}. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at [<figures@plos.org>]{.ul}.

[Data Requirements:]{.ul}

Please note that, as a condition of publication, PLOS\' data policy requires that you make available all data used to draw the conclusions outlined in your manuscript. Data must be deposited in an appropriate repository, included within the body of the manuscript, or uploaded as supporting information. This includes all numerical values that were used to generate graphs, histograms etc.. For an example in PLOS Biology see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

[Reproducibility:]{.ul}

To enhance the reproducibility of your results, PLOS recommends that you deposit laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions, please see [[http://journals.plos.org/compbiol/s/submission-guidelines\#loc-materials-and-methods](http://journals.plos.org/plospathogens/s/submission-guidelines)]{.ul}
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21 May 2020

Dear Dr. Kelley,

Thank you very much for submitting your manuscript \"Cross-species regulatory sequence activity prediction\" for consideration at PLOS Computational Biology. As with all papers reviewed by the journal, your manuscript was reviewed by members of the editorial board and by independent reviewers. One of the reviewers raised additional major questions on your analysis (see comments below) that we hope you can thoroughly address and clarify. Please prepare a point-by-point response and modify the manuscript accordingly.

Please prepare and submit your revised manuscript within 30 days. If you anticipate any delay, please let us know the expected resubmission date by replying to this email. 

When you are ready to resubmit, please upload the following:

\[1\] A letter containing a detailed list of your responses to all review comments, and a description of the changes you have made in the manuscript. Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out

\[2\] Two versions of the revised manuscript: one with either highlights or tracked changes denoting where the text has been changed; the other a clean version (uploaded as the manuscript file).

Important additional instructions are given below your reviewer comments.

Thank you again for your submission to our journal. We hope that our editorial process has been constructive so far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Jian Ma

Deputy Editor

PLOS Computational Biology

William Noble

Deputy Editor

PLOS Computational Biology

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

A link appears below if there are any accompanying review attachments. If you believe any reviews to be missing, please contact <ploscompbiol@plos.org> immediately:

\[LINK\]

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: Unless I am misunderstanding something, I believe the author is making a basic error that is causing in part an unsupported biological conclusion to be reached in the Autism analysis.

I previously raised concern that early development was being emphasized as being relatively important, while under a different setting of the parameters it wasn't. Additionally I was concerned that the emphasis was being placed on early development when 'urinary bladder, adult' was the most significant hit for the An et al Mouse data sets.

The author in the text and response is saying the conclusions were robust to two different processings of the data. However, despite what the author is saying in the text and the response, for the Zhou et al data, based on what is in Supplementary Table 2 the p-values actually appear less significant for embryo/neonate CAGE data than other CAGE data.

I computed the median p-values for 218 embryo/neonate data CAGE data sets and 139 non-embryo/neonate CAGE data sets (note the text said it was 219 vs. 138 so there is a discrepancy of one) and obtained the following:

Median Zhou et al embryo/neonate: 0.020

Median Zhou et al not embryo/neonate: 0.009

Median An et al embryo/neonate: 0.002

Median An et al not embryo/neonate: 0.006

Additionally, even for An et al data I don't think it is accurate to describe embryo/neonate datasets as being 'prominent among these associations' as I am not seeing them in the top part of the rankings of the most significant CAGE data.

In terms of the issue I raised of not stating which multiple tests were performed and correcting for it, instead of doing that the author declared the analysis an exploratory analysis. As the author acknowledged in the response the hypotheses selected to test were based on following previous significant analyses on the same data, thus because of that bias it would be challenging to formally correct for the multiple testing anyway. The author also presented a robustness analysis for the parameters, though that analysis was limited in that the selected parameter values were always one of the extreme values in the analysis. Additionally the analysis was shown for only the two slices of the grid of hyper-parameter values that had at least one selected value opposed to the entire grid. The author may want to consider expanding the robustness analysis with these considerations, but this is a minor point.

In terms of the issue of evaluating on additional human data, I agree with the author given the effort that the author says would be involved to investigate it, it is likely not worth the effort.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Computational Biology* [data availability policy](http://journals.plos.org/ploscompbiol/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.
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PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/ploscompbiol/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, [[https://pacev2.apexcovantage.com](https://pacev2.apexcovantage.com/)]{.ul}. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at [<figures@plos.org>]{.ul}.

[Data Requirements:]{.ul}

Please note that, as a condition of publication, PLOS\' data policy requires that you make available all data used to draw the conclusions outlined in your manuscript. Data must be deposited in an appropriate repository, included within the body of the manuscript, or uploaded as supporting information. This includes all numerical values that were used to generate graphs, histograms etc.. For an example in PLOS Biology see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

[Reproducibility:]{.ul}

To enhance the reproducibility of your results, PLOS recommends that you deposit laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see [[http://journals.plos.org/ploscompbiol/s/submission-guidelines\#loc-materials-and-methods](http://journals.plos.org/plospathogens/s/submission-guidelines)]{.ul}
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12 Jun 2020

Dear Dr. Kelley,

We are pleased to inform you that your manuscript \'Cross-species regulatory sequence activity prediction\' has been provisionally accepted for publication in PLOS Computational Biology pending your response to clarify the additional questions from one of the reviewers. 

Before your manuscript can be formally accepted you will need to complete some formatting changes, which you will receive in a follow up email. A member of our team will be in touch with a set of requests.

Please note that your manuscript will not be scheduled for publication until you have made the required changes, so a swift response is appreciated.

IMPORTANT: The editorial review process is now complete. PLOS will only permit corrections to spelling, formatting or significant scientific errors from this point onwards. Requests for major changes, or any which affect the scientific understanding of your work, will cause delays to the publication date of your manuscript.

Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us now if you or your institution is planning to press release the article. All press must be co-ordinated with PLOS.

Thank you again for supporting Open Access publishing; we are looking forward to publishing your work in PLOS Computational Biology. 

Best regards,

Jian Ma

Deputy Editor

PLOS Computational Biology

William Noble

Deputy Editor

PLOS Computational Biology

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

**Reviewer \#1**: The author modified the association of embryonic and neonate developmental states from the previous version of the manuscript to just be whole body and now states: "Whole body profiles from embryonic and neonate developmental stages were prominent among these associations."

I still think the author is making an overstatement in saying whole body embryonic and neonate developmental is prominent. For example based on the An et al processing only two of the 13 whole embryo and neonate development stages were in the top 20 and based on the Zhou et al only one was in the top 20. The author does report there is a statistically significant difference in p-values based on a mann whitney test, but I think the word 'prominent' implies something stronger. Additionally the statistical significance is based on assuming all the observations are independent, which is debatable since there is likely a heavy overlap in the locations of the peaks from the 13 whole embryo and neonate experiments.

In the response the author states

"However, I want to clarify that the manuscript does state exactly which multiple tests were performed, helping to address the reviewer's original concern"

I may have missed it, but I am not seeing this stated explicitly. The author does show in the supplement the range of parameter values for one parameter when holding the other one to the selected value, and vice versa. In the original submission the author used a combination of parameter values such that neither parameter value is a currently selected one. I am not seeing it stated, which combination of parameter values were explored or even that combinations other than those shown in the supplement were considered.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Computational Biology* [data availability policy](http://journals.plos.org/ploscompbiol/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/ploscompbiol/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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13 Jul 2020

PCOMPBIOL-D-19-01723R3

Cross-species regulatory sequence activity prediction

Dear Dr Kelley,

I am pleased to inform you that your manuscript has been formally accepted for publication in PLOS Computational Biology. Your manuscript is now with our production department and you will be notified of the publication date in due course.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript.

Soon after your final files are uploaded, unless you have opted out, the early version of your manuscript will be published online. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting PLOS Computational Biology and open-access publishing. We are looking forward to publishing your work!

With kind regards,

Laura Mallard

PLOS Computational Biology \| Carlyle House, Carlyle Road, Cambridge CB4 3DN \| United Kingdom <ploscompbiol@plos.org> \| Phone +44 (0) 1223-442824 \| [ploscompbiol.org](http://ploscompbiol.org) \| \@PLOSCompBiol

[^1]: DRK is employed by Calico LLC.
